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ABSTRACT

An extension is presented to a time domain panel method for the sea-
keepingof high speedships. The extension consists of thecalculation of
thefreesurface elevationby combining the solution ofthe potential prob-
tern with influence functions specially evaluated on afree surface grid.
The free surface elevation together withthe rigid body motionsisused to
correct the pressure distribution from the average submerged geometry
to the actual submerged geometry. Forthis correction two methods are
proposed: (.l)correction of the hydrostatic pressure distribution and (2)
stretching ofthe hydrodynamicpressure distribution.

Verifications are presented for the wave profile along a Wigley hull
and a Series 60 hull, both traveling in calm water, showing, reasonable
similarity of calculations with experiments and a specialized nonlinear
code Validations are presented for the steady trim and rise of a slender
and a non-slender high speed ship for a wide range of Froude numbers
Although trim and nse are still underpredicted the stretching method
improves the stability of the calculations greatly and is promising for
Unsteady seakeeping calculations.

KEY WORDS: Time-domain; seakeeping; high speed; diffraction;po-
tential flow; freesurfaceelevation; pressure. stretching.

INTRODUCTION

Recently, large numbers of high speed craft have been constructed for
applications'ranging from naval operations, coastguard duties; and SAR
operations ito offshore supply and passenger transport. Although a signif-
icant dynamic lift is developed; these vessels are mostly not fully planing
at their operational speeds, with typical Froude numbers rangingfrom
0.6 to 1.2. The high speed combined with rough weatherconditions at
open searesUltsin challengingdesign requirements. For instance, oper-
ability has tobe ensured at operationalconditions, for examplebysetting
a maximum tothe acceleration levelsof the ship. Additionally, thestruc-
ture of the vessel needs to cope with the loads encountered during its
operation. Bothirequirementsnecessitateto have a practical seakeeping
analysistool, able to provideinsight in themotions and loads developed
inaseaway dUringthe design process.

Different computational models have beendeveloped for seakeeping of
highspeed craft. Two-dimensionaladdedmassstrip theory, developed by
Von Karman(1929)and Wagner( I 932)iin thethirties, considers planing
equivalent to the impact of two-dimensional wedges on a free surface.
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Zarnick (1978), Faltinsen & Zhao (1994), and Keuning (1994)(amongst
others) have developed efficient semi-empirical computational models
forplaning craft in waves basedion this theory. Tulin (1956) and Vorus
(1996) (amongstothers) applied two-dimensional potentialtheoryon im-
pacting wedges, providing a numerical solution to the two-dimensional
problem.

Additionally, three-dimensional methods have been applied to high
speed ships. Three-dimensional frequency domain boundary element
methods have been applied fOr high speed hulls with transom stems, for
example by Ahmed et al. (2004). Another method under development
for high speed ships is the vortex lattice method (3D VLM) developed
by Lai& Troesch(l995) for planing ships, capable of steady high speed
planing.

The current research is airnedat developing a practical tool forthe eval-
uation of the seakeeping behavior of high speed vessels and to provide
an input for structural strength analysis. A three-dimensional transient
Green function method for large amplitude ship motions is chosen be-
cause of a number of advantagesoverthe previously described methods:

The transient free surface Green function enables the method to
deal with, significant forward speeds, as shown by for example
King et al. (1988). 3D VLM and added mass striptheory were
developed for fully planing and their applicability is limited for
lower forward speeds. 3D diffraction theory is only validfor very
low forward speeds, becauseof difficulties with the correctimple-
mentation of forward speed in the frequency-domain free surface
Green function.

The method isfully capableof dealing with unsteady three-dimen-
sional (large amplitude) motions., The two-dimensional methods
have problems dealing with typical three-dimensional flows' oc-
curring withasymmetrical motions. Nevertheless,effort has been
undertaken to include these motions, for example by Xu et al.
(1998). The applicability of 3D VLM to unsteady seakeeping
problems is complicated as well, due the fact that the free sur-
face boundary condition is only satisfied in a very limited region
near the body. Thelimited application of the free surface bound-
ary condition makes it difficult tocorrectly deal with free surface
effects associated with waves.

The formulation of the numerical model is based on the work of Lin
and Yue (1990) and further developed by Van Walree (2002, 1999) and
Pinkster (1998). The formulationadoptedby Van Walree combinesun-
steady impulsive sources on the hull with doublet-elements torepresent



lifting control surfaces. The free surface boundary conditions are un-
earizedto the undisturbed free surface, while it is possible to retain the
body boundary condition on theactualLsubmerged geometry. Practically,
it is necessary to:linearize the bodyboundary condition as well,, to limit
the computational burden of the method enabling the seakeeping anal-
ysis to run on a normal desktop computer. The underlying method is
capable of dealing with submerged lifting surfaces and the correspond-
ing wakesheets by usingdoublet and vortexelements. Inclusion of these
elements is possible and can be done in,a straightforwardway similar to
the original method presentediby Van Walree (2002), but is omitted here.

A modificationispresented that includes a higher order cOrrection in
the pressure distribution:due to the free surface elevation combined with
the rigid body motions. The method'involves thecalculation of the free
surface elevation, the submerged geometry, and the subsequent correc-
tion of'the pressure distribution; This correction has been elaborated in
two different schemes:

I'. The correction of the pressure distribution by modifying thehy-
drostatic pressure distribution.

2. The correction of the pressure distribution 'by stretching of the
hydrodynamic:pressure!distribution.

In both schemes effort has been taken to correctly include non-linear
Froude-Kiylov contributionsduetothe incoming waves. The correction
of the pressure distribution provides a way to partially correct the im-
plicatiOnsof:the linearizationofithe freesurfaceboundary condition and
linearization Of thebodygeometry, improving iheseakeeping predictions
andthe time-varying natureofthe pressure distribution.

The second sectionwill shortly describethe mathematical foimulationof
theproblemand will' detail the calculation of the free surface elevation,
thesUbmerged geometiy, andthepressure corrections In thethird sec-
tion, verilicationand validation results,ai-e presented'for thefreesurface
deformation the steady torn and nse of high speed vessels and the un
steady motions of ahigh speed craft in aseaway. The finalsection will
summarize the conclusions and recommendations that follow from the
research presented inthis paper.

NUMERICAL FORMULATION

The numerical method presented in this paper is an extension of the
work presented by Lin and Yue (1990), Pinkster (1998) and Van Wal-
ree (2002). In the Iirst subsection a short description of the fundamentals
ofthe method is given, f011owed by a rnoreextensivemathematicalfor-
mulation Of the extensiOn of the method for the calculation of the free
surface'deforrnationand the correctionof the hydromechanicpressures.

Timedomain Green functionmethod

Potential flow is assumed based on the following simplifications of the
fluid:

The fluid is homogeneous;

The fluid is incompressible.

The fluid is without surfacetension.

The fluid is inviscidand irrotational.

Themedium of interest iswater, while there is aninterface with air. The
ambient pressure Pa is assumed to equal zero. The water depth is in-
finite and waves from arbitrary directions are present. Under all these
assumptions it can be shown that the Laplace equation, resulting from
conservation of mass isvalidin the interior of the fluid:

V2c1=0 (1)

The fluid domain .V (f) is considered, bounded by the free surface of
the fluid SF(t), the submerged part of thehullof theship SH(t) andthe
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body-fixed frame

Fig. 1. Coordinate systems, wove-plane coincides with still water free
surface

surface bounding thefluidinlinitely tar from:the body S (t). Assuming
linearity, thetotaFpotential c1 canbe split into twoparts

'I, + (2)

Where 4'' is the incident waveipotential, 1,d is representing the distur-
bance of the flow caused by the motions of thebody and - Ux represents
theuniform incoming flowdue the forward motionof the ship. The wave
potential 4W is given by:

akzfl(( cos' + Vo sin ') - wt) (3)

The subscript '0' refarstoearthfixed coordinates, asshown in Fig. 1. At
thefreesurfacetwo conditions are imposed. First a kinematic condition
assuring that the velocity of a particle at thefreesurface isequal to the
velocity of the free surface itself

VXOESF (4)

Where is the vertical free surface displacement. Second, a dynamic
conditionassuring thatthe pressure at:the free surfaceisequal to:the am-
bient pressure. Forthis condition useis madeof the unsteady Bernoulli
equation in: a translating coordinate system.

V.XOESF (5)

Bothcan be combined and linearized aroundthe still Water free surface,
yielding:

=0 atzo=0 (6)

On the instantaneous body surface SH(t) a zero normal flow condition
is:imposed:

w
V=------ VX0ES,i (7)dn cm

where V,, isthe instantaneous normal velocity of the body. For a large
distance from the body (at infinity, S,)theinfluenceof the disturbance
hasto vanish.

d0 (8)

At thestart of the process, apart from theiincoming waves, the fluid is at
rest, asis rellectedin the initial condition.

d

t=o_ it =0 (9)
t=o



In this time-domain potential code the Green function given in Eq. 10
will be used. ThistGreen function specifies thejinfluence 0. a singularity
with impulsive strength(submerged sourceor doublet) located at singu-
larity point q (, on the potential at held point p.(xo, yo, ZO).

G(p,tqr)=G°+G1 = -
2j [i cos(J.(t - T))] k(zb+C)j0 (kr)dk

forpq,tr '(10)

In Eq 10 G°'isthe source and doublet,plus biplane image part(or Rank-
inepart), whileG1 is the free surfàcememorypart of the-Green's func-
tion. Jo is the Bessel function of order zero.
It has been shown by for example Pinkster (1998), that the function C
satisfies both the Laplace equation and the boundary conditions, making
ita validsolution forthe boundary valueproblemstated above

Using the above, it is possible to derive a boundary integral for-
mulation In this derivation first Green s second identity is applied to

d
(x01 t) and (xO, ,t - r). Next, thefreesurface integral is elim-

inated by virtue of The Green function. Finally, ageneral formulationof
the nonlinear integral equation is obtained for any held point p

"JfLW)

ff(d - G) dS+
0 SIjjw(T)

!f drf (4"Grr - c) .q(2D)dL (11)
9 0 C(r.)

Where for example C =aG° /an and Tisdehned as:

( 1 pEV(t)
T(p) = . 1/2 p E 5,, (t) (12)

I. 0 otherwise

A source distribution a will be distributed on thebodysurfaceS,,. The
source strength is set equal to the jump in the normal derivative of the
potential between the inner (-) and outer (+)sides of the body sUrface.
As no doubletdistribution!ispresent on SE, the jUmp inipotential across
SH is set to zero.

d+_d-_0 )
d+ d- V q E Si, (13)- --a8n ôn

Note that T =1/2, because p lies on the boundary, thus using Eq. '13
yields:

I a\ f
4ir (Va,, - --- J

= 2ira, + a(q,t) .dS-
JSH(t) '¼

a2GI
J drf a(q,T)

0 'S(r) ata
1 a2c"
_f dTJ o(q,T)Vp.rVdL (14)
9 0 L(i) i9tan9

In this equation.O/an indicates a normal derivative at the field point,p
a/anq at singularity point q Eq. 14 is the principal equation.to be. solved
for the unknown source strengthsci(q,t) Theequation is discretized in

4irT4(p,t)= / (dGo _C0)dS+
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terms of a source element distribution on In the current method
cOnstant strengthquadrilateral sourcepanels are used

At the start, t = 0, the body is impulsively set into motion. At each
subsequent time step the body is advanced to a new position with an
instantaneous velocity. Both positiOn and velocity are known from the
equations of:motion. The discretized form of Eq. 14issolved to obtain
the source strengthsat eachtime step.

Especially the evalUation of the free surfacememory term of the Green's
function Ct' requiresalargeamount of computationaltime. These terms
need tobe evaluated foreach control point forthe entire time history at
each timestep- To decrease this computational burden,the evaluation of
C1 has 'been simplified. For low (t - r) values use is made of interpo-
lation of predetermined values for C1, while for larger (t - -r) values
polynomials and asymptoticexpansion are Used toapproximateG'.

Moreover, the position of the hull and: lifting surfacesrelative tothe
past time panels is not constant due to the unsteady motions, making
recalculation of'the influence of past time panels necessary for the en-
tire time history. This recalculatiOn results' in a computational burden
requiring the use of a supercomputer. To avoid thisburden, the unsteady
position of hull and lifting surfaces is linearized to the average position
(moving with theconstant forward.speed). Nowthe memoiyintegral can
be calcUlatedapriOri: for use at.each time step during the-simulation.

Forces can be obtained from integration of the pressure at each collo-
cation point.over the body. The pressures can be obtained: by 'using the
Unsteady Bernoulli equation(ina body fixed axis.system):

PaP _i{(a)2+ ()2 ()2}

Where V is the total velocity vector at the collocation point of the rigid
body, inclUding rotations

The only difficulty remaining is to obtain the time derivative of the po-
tential 'for the source panels, as a straightforward backward difference
scheme gives unstable results. Thisinstability is solved by a more accu-
rate.scheme, detailedby Van Walree (2002).

Freesuii'ace evaluation

Free surface elevalion. The free surface elevationcan be-derived from
the 'free surface boundary condition given in Eq. 6. The linearized dy-
namiccondition (Eq. 5) canbe usedto obtainan expression for the free
surfaceelevation:

1 atzo=0 (16)

is the time derivative for an earth-fixed' (inertial) coordinate frame.
Thefreesurfaceelevation is to be known in a ship-fixed system, making
a transformation necessary Now, the free surface elevation in the body-
fixedsystem becomes:

_!'+.!.[Vo+flxr].V (17)gat g

The vector Vo is the velocity of the origin of the ship-fixed coordinate
system, resolvedinto the instantaneous x,y, z directions of this frame,
fl = (p, q r) is the rate of rotation of thebody'sframe of reference and
r = (:v, y z) is theposition vector.

Foranunsteadyproblem, where the body boundarycondition is liii-
earized'to themean position.ofthe body the freesurface elevation can be
calculated by setting V = [Uj 0 01, where U.1 is the steady forward
speed.

1 ô u,,, o11='--- + --9at ,
(18)



Evaluation of the Green function contributions at the free surface. In
orderto calculate the free surface elevation, both the spatial derivatives
and the time derivative of the velocity potential are needed at the free
surface. To evaluate the spatial derivatives(the flow velocities U, V, W)
Eq. 11 needsto be reevaluated to obtain expressionsfor these derivatives
at the free surface.

Again field point p is located on a boundary of the fluid domain, in
this case the undisturbed free surface, thus T = 1/2 is set according to
Eq. 12. The result is again yields Eq. 20, but now p is:on the freesurface
instead of the body surface.

The U, V, W-cornponentsof VP can be simply obtained by usingthe
normal vector at the field point p at the free surface. Thus toobtainthe
flow velocities at the free surface it is sufficient to know the singularity
strength a of the body panels together with the Green function denvatives
evaluatedfor the field pointor:fteldpoint distributionon thefree surface.
TheseGreen function derivatives are only dependent on spatial coordi-
nates and can beevaluated in the same way as for the main solution Ofthe
potential problem. The time derivative of the undisturbed wave potential
can be calculated analytically, thetimederivative of the sourcepotential
again cannot be calculated:straightforwardly and thealternative approach
isused again.

Free surface grüL A free surface grid is defined to calculate the inter-
section oithe body in its actual position with the deformed free surface.
The extend of the grid is slightly larger than the vertical projection of the
ship to allowfor theship motions.

Additionally, it is possiblethat the 'instantaneous waterline intersec
tioncontour lies within the still Water contotir, for instancewhen theship
isdisplaced upwards. The potential problemhowever, is not mathemat-
ically defined for'the free surface part inside the still water intersection
contour. And althoughsmooth, the resulting free surface elevationinside
the body is in many cases extremely deformed; without any physical
meaning. To avoid complications the followinghasibeen done:

The free surface elevation due to incoming waves is separated
fromthe free surface elevation dueto thedisturbancepotential.

Thefreesurfaceelevation due to the disturbance is calculated on a
grid consisting of transverse lines of grid points as shown in Fig.
2. The free surface elevation is only calculated on the external
gridpoints. The elevation at the internalgridpointsis related to the
elevation at the closestexternal gddpointsby linear interpolation,.
yielding the wave elevation for the internal grid points The grid
isshown in righthandside of Fig. 3.

lInearIzed
geometry

freesurface
elevation

'
'

'0

6

extemalgrldpoiot
o lntemal:grldpolnt

FIg. 2. Transverse free surfacegridline

In order to obtain the intersection of the body with the free surface, in-
formation of the free surface elevation is 'needed at the panel locations
ofthe body TOobtam this information, use is madCof two-dimensional
spline interpolation for the free surface elevation due todisturbance po-
tential. The free surface elevation due tothe incoming wavesisdirectly
calculated with theformulation of the incoming wave potential The free
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surface elevation in all collocation points is shown in the left hand side
of Fig. 3.

Fig. 3. Free surfaceelevation evaluation grid(right) and spline interpo-
lationi(left)

Correctionof the pressure distribution

Due to the geometric linearization of the problem, the hydrodynamic
pressure due 'to the disturbance potential is calculated at the still water
wetted part of the body at all time instances. The variation of the wet-
ted surface caused by the incoming waves, the diffracted and radiated
waves, and therigid body motions is ignored. Nevertheless, the pressure
distribution can becorrectedby consideringthe real:earthfixed position
of each collocation point relative to the free surface obtained with the
method described in the previous sections This subsection details two
possibilities for thispressurecorrection.

Method 1 Nonlinearcorrection of the hydrostatic pressures. The cor-
rection is elaborated for each pressure component. The still water free
surface is 20 = 0and the actUal free surface is zO = i;( is the incident
wave elevation.

Hydrostatic pressure p5: The actual earth-fixed rigid body posi-
tionis used for the calculation of the pressure.

Pa = p9Z0

Ps = pg (zO -
Pa = 0

V zo<0A.zo<i
V zo>0Azoi
V Zn>?)

(19)

Hydrodynarnic pressure Pd: The hydrodynamic pressure, working
on the still water submerged geometry, will be left unmodified,
even when the originally submerged geometly emerges. Experi-
enceshows that when the hydrodynamic pressureis changed only
bysettingit to zern in emerged regions, theforce balancebecomes
unstable.

Froude-Krylov pressure pw: The undisturbed Wave pressure can
be included by either by simply calculating the linear Froude-
Krylov pressures directly at the undisturbed submerged geome-
try or by calculating the Froude-Krylov pressures at the actual
submerged geometry. In the following the linear FroUde-Krylov
contribution is included onthe actual positionof thegeometiy up
tothe still water freesurface.
When the original 'dry' part becomes submerged due to rigid
body motions combinedwith!the free surfaceelevationithe hydro-
static pressure changes into: Pa = pg (20 - (i - C)) to avoid
taking into account the wave pressure twice (in the hydrostatic
part and in the Froude-Krylov part).



Fig. 4. Vertical pressure distribution for nonlinear hydrostatics, wave
crest - left, wave trough - right

Fig. 4 shows how the modification of the hydrostatic pressure (dashed
line marked p) impacts the total vertical pressure distribution (thick line
marked Peotol). Generally, wave crests do not pose problems. The pres-
sure above the still water free surface is assumed to be hydrostatic and
the hydrostatic pressure in the wave crest at the still waterline and the
hydrodynamic pressure of the wetted surface at the waterline equal each
other and no jump is present. In a wave trough however, a jump in pres-
sure is occurring at the instantaneous free surface. One reason for this
jump is the fact that the hydrodynamic pressure Pd is not set to zero in
the wave trough above the free surface (to avoid instabilities in the force
balance, as outlined above). Yet, setting the hydrodynamic pressure in a
wave trough to zero still results in a pressure jump. This jump is due to
the linearization of the free surface boundary condition.

A further complication is the inclusion of the rigid body motions (not
shown in Fig. 4). Although the rigid body motions can be implemented
easily by substituting the actual zo-coordinate when calculating the hy-
drostatics, even more jumps will occur in the total pressure distribution.

A similar approach has been used by Blandeau et al. (1999) for a lo-
cal pressure model on the side shell of FPSOs. They use the hydro-
dynamic pressures at the waterline in a zero forward speed frequency
domain panel method. The pressure at the waterline is corrected by ap-
plying a watercolumn of height j = po/pg in case of a wave crest and
the pressure above a through is set to zero.

Although, this basically yields the same results in a wave crest and
more computational efficient (no influence function evaluations on the
free surface are needed), the use of waterline pressures has disadvantages
for rapidly varying submerged geometries. This is especially true for
high speed craft, with their V-shaped frames in the bow region and very
shallow frames aft. Using the still waterline pressures then leads to very
large inaccuracies.

Method 2 Non linear correction of the hydrodynamic pressures. As
pointed out in the previous section, the inclusion of nonlinear corrections
in the hydrostatic pressures yields inconsistencies resulting in jumps in
the pressure distribution. These jumps are caused by retaining the hydro-
dynamic pressures, while adapting the hydrostatic pressures. For slow
speed ships operating in non-steep waves generally this will not result
in large deviations in the pressure distributions, as the disturbance part
of the hydrodynamic pressure is relatively small in comparison with the
hydrostatic and Froude-Krylov pressures.

Problems arise when the hydrodynamic disturbance pressures are
relatively large. This is the case for high speed ships, where the high
rate of change of impulse of the water along the length of the ship, es-
pecially at the bow, causes high hydrodynamic pressure regions. The
resulting loads cause significant lilt and thereby significant trim and rise.
Variations in the hydrodynamic pressures will have significant effect on
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the total force balance of the ship. Especially for ships with relatively
large length over beam ratios and flared bow sections. large variations in
submerged geometry and thus in hydrodynamic loads can occur.

zol

Fig. 5. Stretching of pressure for free surface elevation (top) and free
surface depression (bottom)

Now a method is developed that consideres the influence of body and
free surface nonlinearities (causing changes in the wetted surface) in the
hydrodynamic loads as well. Hydrostatic pressures and hydrodynamic
pressures are considered separately. The hydrodynamic pressures consist
of disturbance and incident wave pressures.

Hydrostatic pressure Pa: The actual earth-fixed rigid body posi-
tion is again used for the calculation of the pressure.

Pa = V zo<0Azo<
= 0 V zo>0Az0>i (20)

Hydrodynamic pressure Pd + Pw: for the treatment of the hydra-
dynamic pressures two different cases need to be considered:
(I) Free surface elevation (wave crest - Fig. 5, top). The hydrody-
namic pressures are stretched vertically from the original wetted
depth (keel to still water line in rest) to the actual earth-fixed wet-
ted depth, measured from the earth-fixed position of the keel to the
earth-fixed still water surface. For the part of the hull in between
the earth-fixed still water surface and the actual free surface eleva-
tion a hydrostatic pressure distribution is assumed. This process
eliminates jumps, because at the z0 = 0 surface the hydrostatic
pressure of the wave crest pg (17 - ZO) A z0 = 0 is equal to
the hydrodynamic pressure at the waterline pa. as can be seen be
comparing Eq. 18 with Eq. 15 evaluated at z = 0 (ignoring the

V term at z = 0). Additionally, the zero-pressure condi-
tion at the water-air interface is satisfied.

(2) Free surface depression (wave trough - Fig. 5, bottom). The
hydrodynamic pressures are stretched vertically from the original
wetted depth (keel to still water line in rest) to the actual wetted
depth (including changes in wetted depth due to the rigid body
motions and free surface deformations). Again pressure jumps
are eliminated and the pressure at the water-air interface is again
zero. The hydrostatic pressure is at the interface equal to pgi,
while the hydrodynamic pressure at the interface pa = - pg,
again this can be shown by evaluating Eq. 15 at z = 0 (ignoring
the V4. V term at z = 0), together with Eq. lB.

The Froude-Krylov pressures and the hydrodynamic disturbance pres-
sures are both evaluated at the still water wetted surface, before they



are stretched to the actual wetted surface. It is possible in this process
to evaluated the Froude-Krylov pressures by using the actual earth-fixed
coordinates, instead of the linearized still water wetted surface coordi-
nates.

Incorporation in the potential solver. Both methods are simply incor-
porated in the time domain scheme by modifying the pressures obtained
from the solution of the potential flow at each time step. The modified
pressures are used to solve the equation of motion in a Runge-Kutta loop.
Next the geometry is displaced forward with the constant forward speed
times the time step and the next step is commenced.

VERIFICATIONS AND VALIDATIONS

Verification of the stationary component of the free surface
elevation

FIg, 6. Panel arrangement on Wigley hull (left) and Series 60Gb = 0.60
(right)

To verify the scheme, calculations were performed on a Wigley hull and a
Series 60Gb = 0.60 in calm water to obtain the steady wave profile. The
Wigley had a length over beam ratio of 10, a length beam over draught
ratio of 1.6, and 1000 panels. The Series 60 had a length over beam
ratio of 7.3, a length beam over draught ratio of 2.5, and 1128 panels.
We calculated the wave elevation with the numerical code presented in
this paper and compared it to results of experiments and of a nonlinear
raised panel method with free surface discretization, published by Raven
(1996). The comparisons solely served as a verification of the calculated
free surface elevation. The code under development is not meant as a
tool to predict the steady wave system and wave resistance. The panel
arrangement of both hulls is depicted in Fig. 6.
The wave profile for the Wigley at Fn = 0.3 16 with zero trim and rise
is presented in Fig. 7. Although the linearized Green function performs
slightly worse than the raised panel code, still the results are fairly accu-
rate. The position of bow wave and following troughs and crests were
calculated in the right position. The bow wave height was slightly under-
estimated; along the hull the solution oscillated slightly around the Rapid
solution and the measurements.
In Fig. 8 the wave profile is depicted for the Series 60 Gb = 0.60 hull at
Fn = 0.3 16 with zero trim and rise. For this more shiplike hull the bow
wave lagged a little behind the experiments and the Rapid calculations.
The position of the other crests and troughs was more accurate. Still,
crests and troughs were underestimated.

In conclusion, it showed that the linearized code clearly performs
less than the raised panel code for the estimation of the steady hull wave
profile. Although Ihe position of crests and troughs was estimated accu-
rate enough, the code underestimated their height, this can be attributed
to the free surface linearization. Nevertheless, the main purpose of in-
cluding the tree surface elevation into the calculations was the influence
on the seakeeping behavior and not the stationary wave generation itself.
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Thm and rise for two high speed ships

Fig, 9. Panel arrangement on ESC (left) and on D19 (right)

Before seakeeping calculations could be performed the submerged body
paneling had to be determined. This is dependent on the trim and rise



at the forward velocity under consideration. A series of calculations was
performed to find the trim and rise, and thus the submerged geometry.
iteratively. The start and end positions of each calculation, consisting of
a run at constant forward speed in calm water, were compared. When the
difference was less than a predetermined convergence criterion, the sub-
merged paneling and the reference position converged. The steady trim
and rise were now known for that speed. '1picaI convergence cnterions
were 0.02 m full scale difference between start and end of a calculation
for the rise and 0.1 deg for the trim. To improve on the stability of the
iterative procedure we implemented a bisection method, using average of
the last two calculations as input for the current.

We performed the steady trim and rise calculations on two high speed
ships, designated ESC and D19. The E.SC, or 'Enlarged Ship Concept'
was a slender monohull of 55 m length and a length over beam ratio
of 6.5. The hull has 25 deg deadrise amidships with both aftbody twist
and an inclined centerline aft. A more detailed description is given by
Keuning & Van Walree (2006). The D19 was a non-slender monohuti
with L/B = 3.6. The hull had 19 deg deadrise with a prismatic aftbody.
In Fig. 9 the panel arrangements of both models is depicted. Both models
typically had 1200 panels on the submerged part, enough for ensuring a
grid independent solution.
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Fig. 11. Steady trim of slender fast monohull ESC (trim positive: bow
down)

Figs. 10 and II show the rise and trim against the Froude number of the
ESC. Three different calculation schemes, using different pressure modi-
fications, were compared with the result of model experiments performed
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Fig. 10. Steady rise of slender fast monohull ESC (rise negative: sinkage)
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in the large basin of the Ship Hydromechanics Laboratory of DeIft Uni-
versity of Technology. Calculations marked '0' are the results of the
original version of the code without pressure modifications, calculations
marked 'I' are results with the first pressure modification (hydrostatics),
and calculations marked '2' are results with the second pressure modifi-
cation (stretched hydrodynamics, nonlinear hydmstatics). Figs. 12 and
13 show the same results for the Dl 9 hull, although results of the original
version of the code are omitted here.
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As the pressure modifications dealt with two issues, (I) the geometric
nonlinearities due to rigid body motions and (2) the free surface nonlin-
earities due to wave making, it was expected to see the effect of both in
two different ways. On the one hand, the iterative scheme was made to
match the steady submerged geometry and the numerical paneling, effec-
tively removing geometric nonlinearities. In other words the geometric
effects were not expected to show up in the calculated trim and rise. On
the other hand, it was expected that the steady wave system would cause
an additional trimming moment, especially at high speeds. The modified
version of the code possibly would correct for this.

For the ESC it was evident that both pressure modifications hardly
influenced the steady trim and rise. The second pressure modification,
stretching, resulted in slight deviations in both trim and rise at speeds
above Fn = 1.0. Clearly, the steady wave system hardly influenced
the lift and the trimming moment, what can be attributed to the very
slender bow shape of the ESC. Moreover, the slender bow shape with
high deadrise limited the geometric variations of the submerged body
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strongly. The hull behaved very 'linear', making pressure corrections
unnecessary.

The steady trim andrise of the D19 were hardly influenced as well
by the pressure modification method used. Nevertheless, the wide body
with relatively small deadrise suffered from large geometric variations.
Especially for high speeds above Fn = 0.60 these variations could not
be balanced bymodiflcation of thehydrostatics alone and method 1 failed
to yield convergenceabove Froude numberO.9. Method 2 however, was
able to stabilize the geometric variations by stretching of the hydrody-
namic pressure distribution andgave results up toFroude numbersof 1.5
and higher. The stability and convergence of the iterative procedure were
strongly improved by the secondmethod. Thisindicatesapossible bene-
ficial effect of thehydrodynamicpressure stretching method on unsteady
seakeeping calculations by better capturing the pressure variations.

Both validations showed a lack of suction (sinkage) at low speeds
and a lack of rise and trim at high speeds. This indicated that the hy-
drodynamic lift was underestimated by the current setting of the poten-
tial problem. As only a source distribution is used, no circulation lift
was possible Nevertheless it is possible to add circulation lift within
the framework of the codeby using doublet elements and corresponding
wakesheets. This Will beresearched in the near future.

CONCLUSION

An extensionto a linearizedtime domain panebmethod waspresented for
the analysis of the seakeeping of high speed ships. The extension con-
sisted of a correction on thepressuredistribution to account for geometric
nonlinearities due to rigid body motions and free surface nonlinearities
due to the free surface deformation. Two pressure modificationmethods
were proposed:

I. Modilicationof the hydrostaticpressures tOaccount for rigid body
motions and freesurface elevation.

2. Modification of the hydrodynainic pressures using a stretching
method that takes into account the rigid' body motions and the
freesurfàceelevations

Both methods necessitated the evaluation of the free surface elevation
due to radiation, diffraction, and incident waves on a specialfreesurface
grid.

Verifications of the free surface profile along a Wigley and a Series 60
hull showed that the code is able to predict the steady free surface ele-
vation reasonably well for the purposes of the method. Off course, spe-
cialized'nonlinear methods with free surface panelingperfonm better, but
either lack the capability of dealing with unsteady seakeeping or are very
computatively expensive.

Next, theresults of steady trim and'rise calculations were shown for
two high speeds ships, one slender and one non-slender. The pressure
modification did not have a significant influence on the resulting trim
and rise, yet the second, stretching, method improved the convergence
of trim and rise calculations dramatically, especially for the small L/B
hull and at high forward speed. One the one hand, this means that the
stretching method dealt adequately with the large variations occurring
in the hydrodynamic pressure distribution due to the large submerged
geometry variations. Onthe other hand, thismeans that thesteady wave
system generated byboth hUlls, hardly influences the trim and rise of both
designs. Additionally, it can beconcluded:thatthe slenderhull suffered
less from the geometric variations and seemed to perform much more
'linear'.

Both validation cases showed a significant lack of .sinkage at low
speedsandtrim andJrise at high speeds. Most probablythis lack is caused
by a absence of circulation lift in the model due to the use of source
panels. It is expected that the inclusion of circulation lift in the numeri-
cal model could improve the predictions significantly. Therefore, future
work includesthe adaptation of the model for useof doubletelements on
the hull together with a wakesheet.
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